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Murray Gell-Mann

Harald Fritzsch

Murray Gell-Mann was born in New York on September 15, 1929. His father Arthur Gell-
Mann came from the city of Czernowitz, which today is part of the Ukraine. He studied at
the University of Vienna. In 1911 he came to New York, where he married Pauline
Reichstein.

Arthur Gell-Mann started a language school in Manhattan, which was successful for a
few years. When it failed in the Great Depression, he got a position in a bank. Arthur Gell-
Mann was very interested in science, especially in astronomy, physics and mathematics.

Murray Gell-Mann grew up in the area west of the central park. He was a gifted child
and learned to read and write at the early age of 3. When he was 10 years old, he read
“Finnegans Wake” of James Joyce, a book, which should play a specific role later in his
life. Together with his brother Ben, who was 9 years older than Murray, he explored
New York City, in particular the Central Park and the Bronx Park.

When Gell-Mann was 14 years old, he received a scholarship from Yale University,
which allowed him to study physics at Yale. Afterwards he went to the Massachusetts
Institute of Technology and worked on his Ph.D. His advisor was Victor Weisskopf. He
obtained his Ph.D. in 1951 and went as a post-doc to the Institute for Advanced Study in
Princeton. The director of the institute, Prof. Robert Oppenheimer, encouraged Gell-Mann
to work on problems in elementary particle physics.

In Princeton he met the English woman Margaret Dow, which worked in an institute in
Princeton. In 1955 they got married. They had two children, a daughter Lisa, born in 1956,
and a son Nicholas, born in 1963.

In 1952 Gell-Mann joined the Physics Department at the University of Chicago and
worked in the research group of Enrico Fermi. Gell-Mann was in particular interested in the

H. Fritzsch (*)
Physik-Department, Ludwig-Maximilians-Universität Physik-Department, München, Germany
e-mail: fritzsch@mppmu.mpg.de

# Springer International Publishing AG, part of Springer Nature 2018
H. Fritzsch (ed.), Murray Gell-Mann and the Physics of Quarks, Classic Texts in the
Sciences, https://doi.org/10.1007/978-3-319-92195-2_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92195-2_1&domain=pdf
mailto:fritzsch@mppmu.mpg.de


new particles, discovered in the cosmic rays—the new baryons, which were called
“hyperons”, and the new K-mesons. Nobody understood, why these particles were created
easily in nuclear collisions, but decayed rather slowly.

In order to understand the peculiar properties of the new hadrons, Gell-Mann introduced
a new quantum number, which he called strangeness. The nucleons were assigned strange-
ness zero. The newly discovered lambda hyperon had strangeness (�1), likewise the three
sigma hyperons. The two Xi-hyperons had strangeness (�2) and the negatively charged
K-meson had strangeness (�1).

Gell-Mann assumed that the strangeness quantum number was conserved by the strong
and electromagnetic interactions, but violated by the weak interaction. Thus the decays of
the strange particles into normal particles without strangeness could only proceed via the
weak interaction.

The idea of strangeness explained in a simple way, why the new particles were produced
copiously in hadronic collisions, but decayed very slowly. In a collision a new particle with
strangeness (�1) could be produced by the strong interaction only together with a particle
with strangeness (+1). For example, a negatively charged sigma hyperon could be pro-
duced together with a positively charged K-meson. However a positively charged sigma
hyperon could not be produced together with a negatively charged K-meson, since both
particles have strangeness (�1). Likewise two neutrons could not turn into two neutral
lambda hyperons.

In 1954 Murray Gell-Mann and Francis Low worked on the renormalization program of
quantum electrodynamics (QED). They introduced a new method, which later was called
the “renormalization group” method. Gell-Mann and Low calculated the energy depen-
dence of the renormalized coupling constant.

In quantum electrodynamics the effective coupling constant increases with the energy.
This was observed later with the LEP accelerator at CERN. One found that the fine
structure constant at 200 GeV is about 1/127, while at low energies it is close to 1/137.
The observed increase agreed perfectly with the theoretical prediction. The methods of
Gell-Mann and Low were very successful later in the theory of quantum chromodynamics.

In 1955 Gell-Mann obtained an offer from the California Institute of Technology in
Pasadena, which was initiated by Richard Feynman. In 1956 he moved to Pasadena. One
year later he was promoted to full professor—he became the youngest full professor in the
Caltech history. In 1967 Gell-Mann obtained the prestigious Robert Andrews Millikan
professorship.

In 1957 Gell-Mann started to work with Richard Feynman on a new theory of the weak
interactions. They published 1 year later their paper “Theory of the Fermi Interaction”.
Feynman and Gell-Mann describe the weak interaction by a universal interaction, given by
the product of two currents. Each current is the difference of a vector current and an axial-
vector current.

The charged lepton current is a product of a charged lepton field and an antineutrino
field. The electrons emitted in a beta-decay are left-handed, the emitted antineutrinos right-
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handed. This theory of Feynman and Gell-Mann was used later in the gauge theory of the
electroweak interactions.

In 1961 Gell-Mann invented a new symmetry to describe the new baryons and mesons,
found in the cosmic rays and in various accelerator experiments. He used the unitary group
SU(3). At the same time such a symmetry was also considered by Yuval Neeman, who
worked at the Israeli embassy in London. The baryons and mesons were placed in octets of
the group SU(3). The spin 3/2 baryons were described by a 10 representation, the decuplet.

Only nine particles in the decuplet were known in 1961, the four delta resonances
(strangeness 0), the three sigma resonances (strangeness �1) and the two chi resonances
(strangeness �2). Gell-Mann predicted the existence and the mass of a negatively charged
tenth particle with strangeness �3, which he called the omega minus particle.

This particle is unique in the decuplet, since due to its strangeness (�3) it could only
decay by the weak interaction. Thus it would have a relatively long lifetime. It was found in
1964 in Brookhaven Laboratory—it had the mass, which Gell-Mann had predicted. In
1969 Gell-Mann received the Nobel prize for his new symmetry. Gell-Mann is interested
linguistics and speaks besides English also Italian, French and Spanish. Part of his lecture at
the Nobel ceremony was given in Swedish.

Gell-Mann described the symmetry breaking by a SU(3)-octet. He found a mass
formula, which was also found by Susumu Okubo in Japan and is called the Gell-Mann–
Okubo mass formula. It describes the mass differences among the baryons and mesons
very well.

In 1964 Gell-Mann discussed the triplets of SU(3), which he called “quarks”. This name
appeared first in the novel of James Joyce “Finnegans Wake”: Three quarks for Muster
Mark. The quarks were the constituents of the hadrons. George Zweig, a graduate student
of Gell-Mann, worked in 1964 at CERN. He also introduced the quarks, which he called
“aces”. But Zweig published his idea only as a CERN preprint. Gell-Mann published a
short letter in the European journal “Physics Letters” with the title: “A Schematic Model of
Baryons and Mesons”.

Three quarks were the constituents of the baryons and mesons, the up quark “u”, the
down quark “d” and the strange quark “s”. The baryons were bound states of three
quarks—for example the proton had the structure (uud), the neutron (ddu). The pion
consisted of a quark and an antiquark.

The strange particles contained one, two or three s-quarks, corresponding to the
strangeness �1, �2, and �3 respectively. The lambda particle had the structure (uds).
The omega minus was a bound state of three strange quarks: (sss). The mesons were bound
states of a quark and an antiquark. For example, the positively charged K-meson was a
bound state of an up-quark and a strange antiquark.

In his letter Gell-Mann also mentioned a possible field theory, to describe the dynamics
of the quarks. This theory was very similar to quantum electrodynamics. The electron was
replaced by a quark, the photon was replaced by a vector boson, which Gell-Mann called
“gluon”. Later this theory was modified and became the theory of quantum chromodynam-
ics, which describes the strong interactions.

Murray Gell-Mann 3



The quarks had peculiar properties—they had in particular the electric charges 2/3 and
�1/3. Since the observed hadrons had integral charges, the quarks could not be real
particles. Either they were just mathematical symbols, or they must be confined inside
the hadrons.

In 1968 the quarks were found indirectly in the SLAC experiments. In the deep inelastic
electron-proton experiments the electrons were deflected by point-like constituents.
Richard Feynman described these objects as “partons”. It turned out, that the partons
were the quarks. Thus the quarks were not mathematical symbols, but particles, confined
inside the hadrons. In 1971 Gell-Mann and Harald Fritzsch described the results of the
experiments at SLAC with the light cone current algebra of currents.

The quark model had serious problems. For example, the omega minus particle, a bound
state of three strange quarks, placed symmetrically in an s-wave, violated the Pauli
principle, since the wave function of the ground state is symmetric. William Bardeen,
Harald Fritzsch and Murray Gell-Mann introduced in 1971 a new quantum number for the
quarks, which they called the “color quantum number”. The quarks appeared in three
colors: red, green and blue. The tranformations of the three colors were described by the
color group SU(3).

The hadrons were considered as color singlets. The simplest color singlets are the bound
states of a quark and an antiquark, the mesons, or of three quarks, the baryons. The baryon
wave functions is anti-symmetric in the color index. The omega minus particles consisted
of three strange quarks, a read, a green and a blue strange quark. The wave function is
antisymmetric in the three color indices, thus there is no problem with the Pauli principle.

In 1972 Fritzsch and Gell-Mann introduced a gauge theory for the strong interactions.
The color quantum number was considered to be a gauge quantum number, like the electric
charge in QED. The color symmetry was considered to be an exact symmetry. The gauge
bosons were massless gluons, which transformed as an octet of the color group.

Later they called this theory “Quantum Chromodynamics”, QCD. The theory was
discussed at the Rochester conference in 1972 at the Fermi National Accelerator Labora-
tory. In 1973 Harald Fritzsch, Murray Gell-Mann and Heinrich Leutwyler discussed the
advantages of this theory in the letter “Advantages of the Color Octet Gluon Picture”.

In 1979 Gell-Mann, Pierre Ramond and Richard Slansky introduced the seesaw mecha-
nism for the neutrino masses. The very small neutrino masses are then related to the masses
of the charged leptons and a very heavy Majorana mass for the righthanded neutrino. After
1980 Gell-Mann got interested string theory. He thought that the superstring theory might
lead to a theory of all particles and forces, including the gravitational interaction.

For 23 years Gell-Mann was one of the directors of the MacArthur foundation. In 1984
he was one of the founders of the Santa Fe Institute, an interdisciplinary research institute
near Santa Fe. In 1993 Gell-Mann retired from the California Institute of Technology. He
moved to Santa Fe, New Mexico and worked in the Santa Fe Institute. In 1994 his popular
book “The Quark and the Jaguar” was published.

Gell-Mann lives in a big house south-east of the city of Santa Fe, in the hills before the
Sangre-de-Christo mountains.
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Isospin and SU(3)-Symmetry

Harald Fritzsch

In 1911 Ernest Rutherford discovered that an atom consists of a small positively charged
nucleus, surrounded by a cloud of electrons. Almost all of the mass of an atom is located in
the nucleus, with a very small contribution from the electron cloud.

Also the atomic nucleus is a composite system. Inside the nucleus are positively charged
particles, the protons. The number of protons is equal to the number of electrons in the
cloud. The nucleus of hydrogen is just one proton.

In the nucleus of helium are two protons. But the mass of the helium nucleus is not twice
the proton mass, but about four times. Rutherford suggested that the nucleus consists of
positive protons and of neutral particles, which he called neutrons. The mass of a neutron
should be about equal to the mass of the proton.

Rutherford was right—in 1932 the neutron was discovered. It is unstable and decays
into a proton, an electron and a neutrino. This decay is due to the weak interactions. But a
neutron inside a nucleus is usually stable. Atomic nuclei are bound states of protons and
neutrons. They are bound by the strong nuclear force.

Apart from the electric charge protons and neutrons are very similar. In particular their
masses are about the same. They are considered as different states of the same particle, the
nucleon, since the strong force does not distinguish between proton and neutron. The mass
of the neutron is slightly larger than the proton mass. The neutron decays into a proton with
a lifetime of about 14 min.

In 1932Werner Heisenberg introduced an internal symmetry, the isospin symmetry. It is
an exact symmetry of the strong interactions. Protons and neutrons have isospin 1/2. They
are described by the nucleon wave function, which has two components. The proton is the
upper component, the neutron is the lower component:
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ψ ¼ p
n

� �
:

The transformations of the isospin are described by the unitary group SU(2). The three
generators of the isospin can be described by the three Pauli matrices:

τ ¼ τ1; τ2; τ3ð Þ,

τ1 ¼
0 1

1 0

 !
, τ2 ¼

0 �i

i 0

 !
, τ3 ¼

1 0

0 �1

 !
,

Ii ¼ 1
2
τi:

The commutation relations of the generators are:

I1I2 � I2I1ð Þ ¼ I1; I2½ � ¼ iI3,

I2; I3½ � ¼ iI1,

I3; I1½ � ¼ iI2:

The proton and neutron have different isospin projections:

p : I3 ¼ þ1
2
, n : I3 ¼ �1

2
:

The representations of the isospin group are the singlet, the doublet, the triplet, the
quadruplet etc. The doublet representation is the fundamental representation of SU(2). The
two nucleons, the proton and the neutron, are described by a doublet representation.

Heisenberg assumed that the isospin symmetry is broken only by electromagnetism, but
this leads to a problem. If electromagnetism is turned off, the mass of the proton should be
equal to the mass of the neutron. If electromagnetism is turned on, one expects that the
proton mass is larger than the neutron mass, due to the electromagnetic self-energy. But this
is not the case—the neutron mass is about 1.4 MeV larger than the proton mass. Thus the
isospin symmetry is violated even in the absence of electromagnetism. We shall see later,
that this effect is related to the masses of the quarks.

Hideki Yukawa predicted in 1935 the existence of mesons as the particles, which
generate the strong nuclear force. From the range of the strong nuclear force Yukawa
estimated, that the mass of this meson should be about 100 MeV. In 1947 these mesons
were discovered, the three pions:

π ¼
πþ

π0

π�

0
@

1
A:
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The pions have a small mass, only 140 MeV. They are unstable particles—the two
charged pions decay via the weak interactions into a charged myon and its neutrino, the
neutral pion decays electromagnetically into two photons.

The pions are an isospin triplet. Later two neutral mesons were observed, the η-meson
with a mass of about 548 MeV and the η0-meson with a mass of about 958 MeV. Both
mesons are isospin singlets.

In 1951 the four Δ-resonances were discovered in the experiments at the cyclotron in
Chicago. These resonances were created in the scattering of pions and nucleons. In the
collisions of positive pions and of protons the Δ-resonance with electric charge (+2) was
observed. The Δ-resonances have spin 3/2 and are described by a quadruplet of the isospin:

Δ ¼
Δþþ

Δþ

Δ0

Δ�

0
BB@

1
CCA:

The Δ-resonances decay into a nucleon and a pion.
In the year 1947 the four K-mesons (mass ~ 495 MeV) were discovered:

Kþ K�

K0 �K0

� �
:

The K-mesons are an isospin doublet. They decay due to the weak interactions. For
example, the positively charged K-meson can decay into a muon and a neutrino, or into two
pions. The nine mesons, the three pions, the four K-mesons, the η-meson and the η0-meson,
are pseudo-scalar mesons, i.e. particles without spin.

There exist also vector mesons with spin one, the three ρ-mesons with electric charges
(+1, 0 and �1) and a mass of ~ 770 MeV, which are described by an isospin triplet.
Furthermore there are two isospin singlets, the ω-meson (mass ~ 782 MeV) and the
φ-meson (mass ~ 1020 MeV):

ρþ

ρ0

ρ�

0
@

1
A , ω, ϕð Þ :

In addition there are four K*-mesons (mass ~ 892 MeV):

K∗þ K∗�

K∗0 �K∗0

� �
:

Thus there exist nine vector mesons.
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From the year 1947 new baryons were observed in the cosmic rays, the neutralΛ-baryon
(mass ~ 1116 MeV), the three Σ-baryons (mass ~ 1190 MeV) and the two Ξ-baryons (mass
~ 1320 MeV). The Λ-baryon is an isospin singlet, the three Σ-baryons are an isospin triplet
and the two Ξ-baryons an isospin doublet. These particles are called “hyperons”.

The new hyperons and the K-mesons were created in pairs by the strong interactions, but
they decayed rather slowly, due to the weak interactions. For this reason Murray Gell-
Mann introduced in 1953 a new quantum number, the “strangeness S”. The nucleons have
no strangeness, the Λ-baryon and the Σ-baryons have strangeness (�1) and the Ξ-baryons
have strangeness (�2). Two K-mesons have strangeness (�1), their antiparticles have
strangeness (+1).

This new quantum number is conserved in the strong interactions. This implies that in
strong interactions a strange particle cannot be produced alone. It must be produced
together with another strange particle. For example, a Λ-baryon with strangeness (�1) is
produced together with a K meson of strangeness (+1). The decay of the strange particles is
due to the weak interactions. Thus strangeness disappears in the weak decays—it is not
conserved by the weak interactions.

In 1961 Murray Gell-Mann combined the isospin and the strangeness by introducing a
new internal symmetry, based on the group SU(3). This group is an extension of the isospin
group SU(2). It has eight generators, which obey the commutation relations:

Ti; T j

� � ¼ if ijkTk:

The structure constants f(ijk) are:

f 123 ¼ 1 f 147 ¼ f 246 ¼ f 257 ¼ f 345 ¼
1
2

f 156 ¼ f 367 ¼ �1
2

f 458 ¼ f 678 ¼
ffiffiffi
3

p

2

The smallest representations of the group SU(3) are the triplet, the sextet, the octet and
the decuplet. The triplet representation is the fundamental representation of SU(3).

The observed hadrons are members of specific representations of SU(3). The lowest
baryons and mesons are members of octet representations—Gell-Mann described this as
the “eightfold way”. The two nucleons, the Λ-hyperon, the three Σ-hyperons and the two
Ξ-hyperons are described by an octet:
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The nine mesons, the three pions, the four K-mesons, the η-meson and the η0-meson, are
described by an octet and a singlet:

h h′

π0
π+π−

K 0 K +

K − K 0−

Unlike the isospin symmetry the SU(3) symmetry is strongly broken—the various SU
(3) octets have particles with quite different masses. In the baryon octet the masses range
from 940 MeV to 1320 MeV. Thus the symmetry breaking is about 25%. When the SU
(3) symmetry was introduced, it was unclear, why this symmetry is strongly broken, since
there exists no interaction, which breaks the SU(3) symmetry. In the next chapter we shall
see that the large symmetry breaking is due to the masses of the quarks.

Besides the fourΔ-resonances one observed five excited baryons with spin 3/2: the three
Σ-resonances (mass ~ 1380 MeV) and the two Ξ-resonances (mass ~ 1526 MeV). These
nine particles could only be described by a decuplet representation of SU(3), but one
particle was missing, a baryon with the strangeness (�3). Gell-Mann suggested that this
particle, which he called “Ω”, must exist.

Isospin and SU(3)-Symmetry 9



He also predicted the mass of this particle. The Ω-baryon would decay weakly, thus its
lifetime would be much longer than the lifetimes of the other members of the baryon
decuplet.

The Ω-baryon was discovered in 1964 at the Brookhaven National Laboratory. Its mass
is about 1672 MeV. Afterwards it was clear, that the SU(3) symmetry is an approximate
symmetry of nature.
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Introduction to Quark Model

Harald Fritzsch

The fundamental representation of the isospin group SU(2) is the doublet representation.
The proton and the neutron are described by a doublet. The fundamental representation of
SU(3) is the triplet representation, but in nature there are no hadrons, which transform as a
triplet—the hadrons are described only by singlets, octets and decuplets. This feature of the
SU(3) symmetry was not understood until 1964.

In this year Murray Gell-Mann suggested that the hadrons are composite particles. The
constituents of the hadrons are SU(3) triplets, the “quarks”. They are spin (1/2) fermions.
There are three quarks, an up quark, a down quark and a strange quark:

q ¼>
u
d
d

0
@

1
A:

The charge of the up quark is (2/3), the charges of the down quark and of the strange
quark are (�1/3). The SU(3) transformations are unitary transformations of the three
quarks. The isospin subgroup SU(2) is given by the transformations of the u-quark and
the d-quark.

Inside the proton are two up quarks and one down quark: p ~ (uud). If the u quark and
the d quark are interchanged, one obtains the neutron: n ~ (ddu). The number of strange
quarks inside a hadron is related to the strangeness of the hadron—it is minus the number of
strange quarks inside the hadron. The Λ-hyperon and the Σ-hyperons have strangeness
(�1), e.g. Λ ~ (uds). Inside the two Ξ-hyperons are two strange quarks:

Ξ(0)~(uss), Ξ(�)~(dss).
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It would have been better to use a different sign for the strangeness, but this became
clear within the quark model, proposed in 1964, 11 years after the introduction of the
strangeness.

Here are the eight baryons with their substructure:

These baryons are fermions with the spin½. The spin is the sum of the spins of the three
quarks. Two quarks are aligned, the spin of the third quark is opposite—thus the sum is ½.
There is no contribution from the angular momentum, since the three quarks are in the
ground state.

The ten baryon resonances with spin 3/2 have the following substructure:

44 H. Fritzsch



Here the spins of the three quarks are aligned.
The Ω-baryon consists of three strange quarks. It is the only spin (3/2) particle, which

does not decay via the strong interactions. It decays weakly and has a relatively long
lifetime.

The nine pseudo-scalar mesons are bound states of a quark and an antiquark. The
product of a triplet and an anti-triplet gives a singlet and an octet: 3 � 3* ¼ 1 + 8:

Also the vector mesons are described by an octet and a singlet. The pi mesons are
replaced by the rho mesons, the K mesons by the K* mesons, the η-meson by a superposi-
tion of the ω-meson and the φ-meson. The ω-meson is mainly a bound state of up and down
quarks, the φ-meson is mainly composed of strange quarks. Thus there is a large mixing
between the SU(3) octet state and the singlet state:

f w

r − r +

r 0

K ∗0 K ∗+

K ∗− K ∗0−

Inside the pseudoscalar mesons the spins of the two quarks are opposite to each other,
thus the quarks do not contribute to the angular momentum. Inside the vector mesons the
spins are aligned. The spin of a vector meson is provided by the spins of the two quarks.

Gell-Mann thought that the quarks are either mathematical symbols or real particles. In
this case they should exist in nature as stable particles with non-integral electric charges.
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One has searched for quarks with accelerators, in cosmic rays or in stable matter, but
nothing has been found.

Today we think that quarks are real particles, but they do not exist as free particles—
they are confined inside the hadrons by the strong force. Nevertheless the quarks have
specific masses, which can be deduced from the spectrum of hadrons. Here are the masses
of the three quarks:

mu � 2:3MeV ,
md � 4:8MeV ,
ms � 95MeV :

The masses of the quarks describe the breaking of the SU(3) symmetry. If the masses of
the three quarks would be the same, this symmetry would be unbroken. The mass term for
the three quarks can be decomposed into a SU(3)-singlet, an octet and a triplet:

mu�uuþ md
�dd þ ms

�dd ¼
1
3
mu þ md þ msð Þ � ��uuþ �dd þ �dd

�þ
1
6
mu þ md � 2msð Þ � ��uuþ �dd � 2�ss

�þ
1
2
mu � mdð Þ � ��uu� �dd

�
:

The large difference between the strange quark mass and the up or down quark mass
implies the large violation of the SU(3) symmetry. Thus the large symmetry breaking is
understood. The isospin symmetry is also broken by the quark mass term—the down quark
mass is larger than the up quark mass. This implies that the neutron mass is larger than the
proton mass.

Thus far the quark masses cannot be calculated. As the masses of the leptons they are
free parameters and have to be measured in the experiments.

In 1974 new heavy hadrons were discovered. They can be described by another quark,
the charmed quark. The first new particle, which has been seen, was a vector meson “J/ψ”,
which is a bound state of a charmed quark and an anti-charmed quark, analogous to the
φ-meson—a bound state of a strange quark and an anti-strange quark.

Since the mass of the “J/ψ” meson is about 3.1 GeV, the mass of the charmed quark is
quite large, about 1.27 GeV. Hadrons, which consist of a charmed quark, have large
masses. The charmed baryon with the substructure “udc” has a mass of about 2286 MeV.

It is useful to describe the four quarks as two doublets:

u
d

� �
c
s

� �
:
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In 1977 a new heavy meson was discovered at Fermilab, the upsilon meson (Υ), with a
mass of about 9.46 GeV. This meson is a bound state of the new quark, the bottom quark b,
and its antiquark. The electric charge of the b-quark is (�1/3), its effective mass about
4.16 GeV.

B mesons are composed of a bottom antiquark and an up, down, strange or charm quark.
The meson, which consists of an anti-up quark and a b quark, has a mass of about
5.28 GeV. The mass of the lightest baryon with the substructure “udb” is about 5620 MeV.

When the b quark was observed, it was assumed that there must also be another quark
with the electric charge (2/3), the top quark. In 1995 effects due to the top quark were
discovered at the Fermi National Laboratory near Chicago. The mass of the top quark is
very large, similar to the mass of a wolfram atom, about 172 GeV.

The top quark decays mainly to a W boson and a bottom quark. The Standard Theory
predicts its mean lifetime to be roughly 5 � 10�25 s. This is about a 20th of the timescale
for strong interactions—therefore the top quark does not have enough time to form
hadrons.

Nature is described by six quarks. Thus far no other quarks have been observed. It is
useful to describe the six quarks as three doublets:

u
d

� �
c
s

� �
t
b

� �
:

The doublets describe the properties of the quarks with respect to the weak interactions.
These interactions are generated by the exchange of very massive vector bosons, the weak
bosons. There are two charged weak bosons, W(+) and W(�), and a neutral boson, the
Z-boson.

If a charged weak boson interacts with a quark, the charge of the quark changes, e.g. u
) d. In this way the weak decays are described. For example the beta decay of the neutron
follows from the weak transition of a d-quark into a u-quark. The positively charged pion
decays into a muon and a neutrino. The quark and the antiquark inside the pion produce a
virtual weak boson, which decays into a muon and a neutrino:
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But there is also a weak transition from an s-quark to the u-quark. It is a small effect due
to the flavor mixing of the quark. When a weak boson interacts with the u-quark, a
superposition of the three quarks d, s and b is produced. This state is described by the
three electroweak mixing angles. The transition from the u-quark to the b-quark is very
small and we shall neglect it. Then one obtains a mixture of a d-quark and an s-quark:

u ) d � cos θ þ s � sin θ:

The mixing angle is called the “Cabibbo angle”. It has been measured to about
13 degrees. Thus far the phenomenon of flavor mixing is still not understood. Presumably
the mixing angles are functions of the quark masses.

In 1968 the quarks inside the nucleons were observed. The experiments were carried out
at the Stanford Linear Accelerator Center. High energy electrons or positrons were
accelerated up to 50 GeV and collided with atomic nuclei. The cross section depends on
two variables, the mass of the virtual photon, emitted by the lepton, and the energy transfer
from the lepton to the hadron. But it was observed, that at high energies the cross section
depends only on the ratio of these two variables.

Richard Feynman pointed out, that this phenomenon, the “scaling behavior” of the cross
section, could be understood, if the leptons collided inside the atomic nuclei with point-like
constituents. Feynman introduced that name “partons” for these constituents. Later it
turned out that the partons were the quarks. Thus the quarks became real particles, which
were confined inside the hadrons.

In 1970 Harald Fritzsch and Murray Gell-Mann derived the results of the parton model,
using the algebra of currents. In deep inelastic scattering one studies the commutator of two
electromagnetic currents near the light cone. Fritzsch and Gell-Mann assumed that this
commutator is given by the free quark model. Thus the interaction among the quarks
should disappear near the light cone. In this way they could derive the scaling behavior and
the results of the parton model.

The quark model has two problems. One is related to the electromagnetic decay of the
neutral pion. If the pion is considered to be a bound state of a nucleon and an antinucleon,
one can calculate the decay rate. The pion couples to a nucleon-antinucleon pair, which
annihilates into two photons. The result agrees with the measured decay rate. But if the pion
is assumed to be a bound state of a quark and an antiquark, the decay rate is about an order
of magnitude smaller than the observed decay rate.

Another problem is related to the Pauli principle. We consider as an example the
Ω-baryon. If quarks are Fermi-Dirac particles, the Pauli principle requires, that the wave
function must be anti-symmetric, if two quarks are interchanged. But the wave function of
the Ω-baryon is symmetric, since it is a bound state of three strange quarks, and the space
wave function is also symmetric, since the three quarks are in the ground state. Thus the
Pauli principle is violated. These problems will be solved by introducing a new quantum
number, as discussed in the next chapter.
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Quantum Chromodynamics

Harald Fritzsch

A problem of the quark model was connected with the Pauli principle for the wave
functions of the baryons, e.g. for the Ω-baryon. To solve this problem, William Bardeen,
Fritzsch and Gell-Mann introduced in 1972 a new threefold quantum number for the
quarks, which they described as the “colors” of the quarks.

There are red quarks, green quarks and blue quarks. The transformations of the colors
are described by a color group SU(3). The three colors are denoted by “r”, “g” and “b”. The
hadrons are assumed to be color singlets—thus a baryon wave function is a superposition
of six terms:

baryon ) rgb� rbgþ gbr � grbþ brg� bgrð Þ:

The Ω-baryon can now be described as a function of the three colored strange quarks:

Ω � P
εiklsisksl,

i, k, l � r, g, b:

Due to the color quantum number the wave function is now antisymmetric, if two
strange quarks are interchanged, and there is no problem with the Pauli principle.
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All baryons are bound states of three quarks with different colors—here as an example
the proton:

The meson wave function is the sum of three terms, involving the red, green and blue
quarks:

meson ) �
�rr þ �ggþ �bb

�
:

Another problem of the quark model is the decay rate of the neutral pion, which is an
order of magnitude smaller as predicted. If the color quantum number is taken into account,
the decay amplitude is increased by a factor 3, since in the triangle diagram the three colors
of the quarks appear. Thus the decay rate is a factor 9 larger and agrees now with the
experiment.

If an electron and a positron annihilate at high energies, a quark and an anti-quark are
produced. We consider the ratio R, which is the ratio of the cross section to produce a quark
pair and the cross section to produce a muon pair. This ratio is given by the sum of the
squares of the charges of the quarks:

R ¼ 2=3ð Þ2 þ �1=3ð Þ2 þ �1=3ð Þ2 ¼ 2=3:
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This ratio describes the production of hadrons, which are produced by the quark pair.
According to the experiments the ratio R is about 2 in the energy region of about 2 GeV.

If the color quantum number is taken into account, the ratio R increases by a factor 3 and
agrees with the experimental result. Thus there are three indications that the idea of the
color quantum number is correct—the wave functions of the baryons, the decay of the
neutral pion and the ratio R.

In 1972 Fritzsch and Gell-Mann started to investigate a gauge theory, using the colors of
the quarks. The gauge group is the group SU(3) of the color transformations. This theory,
which they called “Quantum Chromodynamics”, is very similar to Quantum Electrody-
namics, which describes the interaction of electrons with the electromagnetic field. It
combines electrodynamics, quantum mechanics and the theory of relativity.

Quantum Electrodynamics has an interesting property. If the field of the electron is
multiplied with a phase parameter, which depends on space and time, nothing changes.
This is called “local gauge invariance”. It requires that the electrons are interacting with a
vector field, the field of the photon. Without this interaction the theory would not be
invariant under local gauge transformations.

Furthermore the particle of the gauge field cannot have a mass—photons must be mass-
less. A mass term would destroy local gauge invariance. The gauge transformations form a
group, which in case of Quantum Electrodynamics is the unitary group U(1), the group of
complex numbers with absolute value 1.

The strength of the interaction is described by the electromagnetic coupling constant e or
by the fine-structure constant α:

α ¼ e2

4π
:
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The fine-structure constant cannot be calculated. The experiments give:

α ffi 1
137

,

e ffi 03028:

In quantum electrodynamics the coupling parameter is not constant, but depends on the
energy. Thus the fine-structure constant is not a constant, but a function of the energy. The
value, given above, describes the fine-structure constant at zero energy. At increasing
energy it increases slowly. At the mass of the Z-boson, about 91 GeV, it is about 6% larger:

α MZð Þ ffi 1
129

:

In the theory of Quantum Chromodynamics the gauge group is the color group SU(3).
The gauge bosons are the “gluons”. The adjoint representation of the gauge group
determines the number of gauge bosons. Here the adjoint representation is an octet, thus
there are eight massless gluons.

In QCD the strength of the interaction is described by the coupling parameter g or the
analogue of the fine-structure constant:

αs ¼ g2

4π
:

In QED the gauge boson, the photon, interacts with the electron, but not with itself. In
QCD this is not the case. The gluons interact with the quarks, but also with other gluons.
This self-interaction of the gluons leads to an interesting property of QCD—asymptotic
freedom. The gauge coupling parameter of QCD decreases, if the energy is increased. At
very high energies the coupling parameter is small. It can be written as a function of an
energy scale Λ:

αs Q2
� � ¼ 2π=b ln Q2=Λ2

� �
,

b ¼ 11� 2
3
n:

Here n is the number of relevant quarks at the corresponding energy. In the energy
region between 10 GeV and 300 GeV five quarks contribute, thus the parameter b is
about 7.7.

Due to the asymptotic freedom the commutator of a current near light-like distances is
very similar to the commutator in the free quark model. This implies that the quarks can be
observed in deep inelastic scattering as nearly point-like constituents. At low energies the
coupling constant might increase without limit, thus the quarks and gluons are confined. A
rigorous proof of the confinement property is still missing.
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In QCD the scaling property of the cross sections, observed in deep inelastic scattering,
is not an exact property, but it is violated by small logarithmic terms. These scaling
violations were observed and are in good agreement with the theoretical predictions.

The scaling violations are functions of the scale parameter Λ. The experiments are in
agreement with the theoretical predictions, if this parameter is in the range

Λ ¼ 213þ38
�35 MeV :

Many experiments were carried out to measure the QCD coupling parameter:

With the LEP accelerator at CERN one has determined the QCD coupling parameter at
the mass of the Z-boson:

αs MZð Þ ¼ 0:1184� 0:0007:

In the absence of the quark masses the theory of QCD depends only on this scale
parameter, which determines the properties of the hadrons, e.g. their masses or their
magnetic moments. The proton mass can be expressed as a numerical constant, which
can be calculated, multiplied by the scale parameter:

Mp ffi const: � Λ:

Of course, in reality the proton mass also depends on the quark masses. About 20 MeV
of the proton mass are due to the two u-quarks, about 19 MeV due to the d-quark, and about
35 MeV are due to the pairs of strange quarks and anti-quarks. If the quark masses are set to
zero, the mass of the proton will be reduced to about 860 MeV.

Since the QCD coupling parameter increases, if the energy decreases, the force among
the quarks becomes strong at large distances. Perturbation theory is useless in this region.
But if the space-time is described by a lattice, one can get information about the force
between the quarks at large distances using computers.
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We consider the case of one heavy quark. In QCD the forces between this quark and its
anti-quark does not decrease at large distances, but remains constant. Due to the self-
interaction of the gluons the gluon field lines attract each other. The quark and its anti-quark
are connected by a string of parallel gluon field lines and the force is constant.

In reality there are quarks with very small masses. If the heavy quarks are moved away
from each other, the gluons produce pairs of virtual light quarks and anti-quarks, which
produce mostly pions. Thus no string of gluon field lines is generated. The heavy quark
produces together with a light anti-quark a heavy meson, e.g. a B-meson.

In electron-positron annihilation at high energy the virtual photon produces a quark and
an anti-quark, which move away from each other with essentially the speed of light. These
quarks produce many mesons, which move away in the same direction as the original
quark. Thus a jet of mesons is produced—a quark jet. These jets were predicted in the year
1974 by Richard Feynman.

The quark jets were observed at DESY in 1978. One year later one observed at DESY
events with three jets. In the annihilation of an electron and a positron a quark, an anti-
quark and a gluon were produced. The gluon produced also a particle jet, thus three jets
were observed.

Fritzsch and Gell-Mann discussed in 1972 in their paper for the proceedings of the
Rochester conference in Chicago neutral particles, composed of gluons. Since the gluons
are color octets, two gluons could form a color singlet hadron, a glue-meson. One has
searched for these mesons, but nothing was observed thus far. Presumably these mesons are
difficult to observe—they have a high mass, mix with mesons, composed of a quark and an
anti-quark, and are very unstable.

Besides the glue mesons there should exist also new baryons, composed of four quarks
and an anti-quark, the penta-quark baryons. Thus far these particles have not been clearly
observed. The LHCb collaboration at CERN reported the observation of a penta-quark
baryon, composed of two u-quarks, one d-quark, one charmed quark and one charmed anti-
quark. The mass of this particle is about 4.4 GeV.

There should exist also new mesons, composed of two quarks and two anti-quarks, the
tetra-quark mesons. They should have masses of about 4 GeV. Thus far no clear evidence
for the existence of these mesons has been found.

Shortly after the Big Bang the universe was filled with a hot, dense soup of particles.
This mixture was dominated by quarks and by gluons. In those first moments of extreme
temperature, however, quarks and gluons were bound only weakly, free to move on their
own in a quark-gluon plasma.

To recreate conditions similar to those of the very early universe, accelerators produce
head-on collisions between massive ions, such as gold or lead nuclei. In these heavy-ion
collisions the hundreds of protons and neutrons in the two nuclei collide. This creates a
quark-gluon plasma, which is in particular studied with the ALICE experiment at the Large
Hadron Collider in CERN.

In heavy-ion collisions the quark-gluon plasma exists only for a very short time. But in
the center of large neutron stars should be a quark-gluon plasma, which exists for a very
long time.

94 H. Fritzsch



Pion Decay and Electron-Positron Annihilation

Harald Fritzsch

H. Fritzsch (*)
Physik-Department, Ludwig-Maximilians-Universität Physik-Department, München, Germany
e-mail: fritzsch@mppmu.mpg.de

# Springer International Publishing AG, part of Springer Nature 2018
H. Fritzsch (ed.), Murray Gell-Mann and the Physics of Quarks, Classic Texts in the
Sciences, https://doi.org/10.1007/978-3-319-92195-2_8

95

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92195-2_8&domain=pdf
mailto:fritzsch@mppmu.mpg.de


96 H. Fritzsch



Pion Decay and Electron-Positron Annihilation 97



98 H. Fritzsch



Pion Decay and Electron-Positron Annihilation 99



100 H. Fritzsch



Pion Decay and Electron-Positron Annihilation 101



102 H. Fritzsch



Pion Decay and Electron-Positron Annihilation 103



104 H. Fritzsch



Pion Decay and Electron-Positron Annihilation 105



106 H. Fritzsch



Pion Decay and Electron-Positron Annihilation 107



108 H. Fritzsch



Current Algebra – Quarks and what else?

Harald Fritzsch

H. Fritzsch (*)
Physik-Department, Ludwig-Maximilians-Universität Physik-Department, München, Germany
e-mail: fritzsch@mppmu.mpg.de

# Springer International Publishing AG, part of Springer Nature 2018
H. Fritzsch (ed.), Murray Gell-Mann and the Physics of Quarks, Classic Texts in the
Sciences, https://doi.org/10.1007/978-3-319-92195-2_9

109

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92195-2_9&domain=pdf
mailto:fritzsch@mppmu.mpg.de


110 H. Fritzsch



Current Algebra – Quarks and what else? 111



112 H. Fritzsch



Current Algebra – Quarks and what else? 113



114 H. Fritzsch



Current Algebra – Quarks and what else? 115



116 H. Fritzsch



Current Algebra – Quarks and what else? 117



118 H. Fritzsch



Current Algebra – Quarks and what else? 119



120 H. Fritzsch



Current Algebra – Quarks and what else? 121



122 H. Fritzsch



Current Algebra – Quarks and what else? 123



124 H. Fritzsch



Current Algebra – Quarks and what else? 125



126 H. Fritzsch



Current Algebra – Quarks and what else? 127



128 H. Fritzsch



Current Algebra – Quarks and what else? 129



130 H. Fritzsch



Advantages of Color Octet Gluons

Harald Fritzsch

H. Fritzsch (*)
Physik-Department, Ludwig-Maximilians-Universität Physik-Department, München, Germany
e-mail: fritzsch@mppmu.mpg.de

# Springer International Publishing AG, part of Springer Nature 2018
H. Fritzsch (ed.), Murray Gell-Mann and the Physics of Quarks, Classic Texts in the
Sciences, https://doi.org/10.1007/978-3-319-92195-2_10

131

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92195-2_10&domain=pdf
mailto:fritzsch@mppmu.mpg.de


132 H. Fritzsch



Advantages of Color Octet Gluons 133



134 H. Fritzsch



Advantages of Color Octet Gluons 135



Lectures on Quarks

Harald Fritzsch

H. Fritzsch (*)
Physik-Department, Ludwig-Maximilians-Universität Physik-Department, München, Germany
e-mail: fritzsch@mppmu.mpg.de

# Springer International Publishing AG, part of Springer Nature 2018
H. Fritzsch (ed.), Murray Gell-Mann and the Physics of Quarks, Classic Texts in the
Sciences, https://doi.org/10.1007/978-3-319-92195-2_11

137

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92195-2_11&domain=pdf
mailto:fritzsch@mppmu.mpg.de


138 H. Fritzsch



Lectures on Quarks 139



140 H. Fritzsch



Lectures on Quarks 141



142 H. Fritzsch



Lectures on Quarks 143



144 H. Fritzsch



Lectures on Quarks 145



146 H. Fritzsch



Lectures on Quarks 147



148 H. Fritzsch



Lectures on Quarks 149



150 H. Fritzsch



Lectures on Quarks 151



152 H. Fritzsch



Lectures on Quarks 153



154 H. Fritzsch



Lectures on Quarks 155



156 H. Fritzsch



Lectures on Quarks 157



158 H. Fritzsch



Lectures on Quarks 159



160 H. Fritzsch



Lectures on Quarks 161



162 H. Fritzsch



Lectures on Quarks 163



164 H. Fritzsch



Lectures on Quarks 165



166 H. Fritzsch


	Contents
	Murray Gell-Mann
	Isospin and SU(3)-Symmetry
	The Eightfold Way
	Introduction to Quark Model
	Quarks
	Light Cone Current Algebra
	Quantum Chromodynamics
	Pion Decay and Electron-Positron Annihilation
	Current Algebra - Quarks and what else?
	Advantages of Color Octet Gluons
	Lectures on Quarks

